Abstract The present understanding of colour centres in germanosilicate glass fibres and the diverse effects attributed to colour centre activity are reviewed. Drawing on a wide range of up-to-date research results, an attempt is made to piece together as far as possible a unified picture of the defect processes behind second harmonic generation, nonlinear transmission and photorefractive grating formation in optical fibres.
1. Introduction In recent years the role played by defects and colour centres in optical fibres has come under increasing scrutiny through the discovery of a wide variety of anomalous laser-induced effects. These range from the highly destructive (catastrophic breakdown of the fibre core -the fibre fuse22 '28) to the mildly annoying (gradual darkening with time and dynamic changes in transmission with intensity29 '33) and from the mildly useful if as yet inexplicable (second harmonic generation75'92"°3) to the practically important (holographic side-writing of strong permanent photorefractive gratings56 for use in sensors, laser line-narrowing and WDM systems) . The aim of this paper is to review these various effects, categorize them in terms of their usefulness or significance to a variety of fibre optics applications and perhaps even answer the question in the title.
Colour centres in glass Optical absorption is caused by molecular transitions involving vibrational and
electronic excitations of the intrinsic glass matrix and the dopants, impurities or defects that are incorporated during glass formation. In general, electronic transitions are observed in the UV region, while molecular vibrations dominate in the JR region. In the near IR, where most optical fibres operate, the major absorption bands arise from the presence of OH bonds, but there may also be small losses from the tails of other bands which have maxima in the UV and other parts of the JR spectrum. With the increasing demand for optical fibres that perform well in the green to UV spectral range, careful optical and structural characterization of the electronic absorption bands and their influence on Ge (2) the transmission properties of the fibres has become important. Even in the IR, fibres that are ostensibly low loss and optically linear at moderate intensities can develop significant induced 05552 and even, at high peak JR intensity levels, disallowed second order nonlinearities°2. These effects are thought to be caused by multi-photon absorption Figure 2 Proposed colour-centre model, including sketches of the individual colour centre structures (after Friebele and Griscom4) . The identity of X in the Ge(1) and Ge (2) centres is uncertain it may be Ge or Si. Electrons released from the Ge-X bonds by two photon absorption are trapped in Ge(1) and Ge(2) dopant sites, from which they may be released by two and single photon bleaching.
Paramagnetic centres in GS glasses have been studied extensively by ESR4'5"4. Three main species have been identified -the GeE', Ge(1) and Ge(2) centres -and correlated with absorption bands in the UV (Figure i ). Widespread agreement exists over the structure of the GeE' centres47; they consist of an unpaired electron that is localized mainly in the sp3 orbital of a single germanium back-bonded to three neighbouring oxygens forming a trigonal pyramid ( Figure 2 ). This was established by detection and analysis of the hyperfine ESR structure resulting from the presence of the natural isotope 73Ge in the glass host (73Ge is the only stable isotope of Ge that has nonzero nuclear spin I = 9/2)7. It is now also well established that whereas most GeE' centres are hole traps (the GeEI* centre postulated by Tsai et al' consists of an unpaired electron shared between two neighbouring Ge atoms, with a net positive charge of +e), the Ge(1) and Ge(2) centres are electron traps. Thus it is reasonable to suppose that the three populations are mutually supporting, i.e., the sum of the number densities of Ge(1), Ge(2) and free (i.e., untrapped) electrons equals the population of GeE' centres3336. There remains some uncertainty in the literature over the precise structure of the Ge(1) and Ge(2) traps; agreement exists that they are four-coordinated Ge dopant sites substituting for Si in the glass matrix; however the identity of the four next-nearest neighbour atoms remains unclear ( Figure 2 ). Different sources4'17 attribute N and N-1 next-nearest neighbour Ge atoms to the ESR-identified Ge(N) centres. Despite this lack of consensus, the optical spectra of the Ge(1) and Ge(2) centres have been reliably linked to unique ESR signatures. This is good enough for many purposes.
The most common type of non-stoichiometry in GS glasses formed by MCVD is oxygen deficiency, resulting in the appearance of the so-called oxygen-vacancy 'wrong-bonds' X-Y (Ge-Si, Si-Si and Ge-Ge) . Routes to the formation of GeE' centres include i) breakage of these oxygen deficient bonds by direct excitation in the UV or multi-photon absorption in the blue/green/JR and ii) mechanical or thermal rupture (e.g., during fibre pulling) of the Ge-O-Ge or Si-O-Ge bonds iii) chemical reduction of these bonds by indiffusion of hydrogen. The X-Y bonds have been correlated with optical absorption bands"2'3'7"9 in the vicinity of 240 nm and 320 nm. Photo-ionization releases electrons from them which migrate randomly through the glass until trapped at other sites to form Ge(1) or Ge (2) colour centres33:
x-Y X+Y+e e + Ge(N) Ge(N) (1) These processes are summarized in Figure 2 . Notice that the tetrahedral structure around the Ge(1) and Ge(2) sites undergoes a distortion during a trapping event4. It is clear that linked studies of linear optical absorption spectra and ESR are of vital importance in understanding colour centre behaviour in bulk samples. The tightly controlled exposure over very long interaction lengths that is possible in a single-mode fibre core permits measurements whose repeatability, accuracy and sensitivity would be impossible to achieve in bulk samples. However, optical characterization of the complex dynamics of the absorption induced at various laser wavelengths is also useful in providing additional information to supplement the ESR and linear absorption data. This is of particular importance in the study of nonlinear transmission.
Nonlinear transmission
With the use of single-mode optical fibres to deliver intense blue/green radiation it has become increasingly clear that the creation of colour centres can seriously limit the system performance29 . Even over short time scales (minutes), the transmission (P0/P) of blue/green light through single-mode GS optical fibre is a nonlinear function of the launched CW power level33'35. Beyond a threshold of some tens of mW, the induced loss increases steadily with increasing launched power level. If the power is then reduced, the transmission recovers, but even at zero input power levels and after thermal annealing significant induced loss remains. At Ar+ laser wavelengths it can be an order of magnitude larger than the intrinsic absorption in unexposed fibre. A simple phenomenological model, providing a qualitative explanation for this behaviour, may be constructed based on the idea that two photon absorption causes the creation of colour centres, while single photon absorption bleaches them out32'33'39'43:
In this equation /3 is the two photon absorption constant, n the photon flux, n the colour centre population and their absorption (and bleaching) cross-section at optical frequency ii. In the steady-state the colour centre population is n8 = (f3hv/cr)n = (f3/a)I, i.e., proportional to the optical intensity I. The steady-state induced absorption is a3 = on = 3I, which looks like a straightforward example of two photon absorption. This is not actually true (refer dI/dz = -(cr° + /31)1 = -a01(1 + I/Icrst) (3) where 'crit ao/fi and a0 is the intrinsic absorption. This equation is easily integrable, and despite the shakey steady-state assumption impressive-looking fits can be obtained in individual cases. An example of two such fits are given in Figure 3 , where one fresh 20 m length of fibre (NA=O.17, 6.5 mol% Ge) was exposed to CW 488 nm light, and another identical length to CW 514.5 light. In each case the data refers to the loss induced by a single slow upward ramp in intensity. The values of 'crit used for the fits were 106 mW/j&m2 at 514.5 nm and 20 mW/pm2 at 488 nm, the intrinsic losses in each case being 60 dB/km and 73 dB/km respectively. The model predicts fi488 = 0.84 m'/Wm2 and /514.5 = 0.13 m'/Wjm2, which are between lOx and lOOx larger than expected.
This leads us to discuss the physical basis of the model. In essence, a bistable molecular species is assumed to exist in the glass, with a 'colour centre' state that may be bleached over (by single photon absorption at blue/green wavelengths) into a second 'transparent centre' state. This state may in turn be converted (by two photon absorption) back into the colour centre state. In the steady-state at constant intensity the number densities per second of two photon events and single photon events balance, yielding an induced absorption proportional to the intensity. Elegant and appealing though it seems, this simple model is difficult to justify from what is known about the colour centres and defects that exist in the glass. For example, an electron, once released by two photon absorption from a 'wrong-bond', spends a long dwell-time as a quasi-mobile photoelectron before either getting trapped at a Ge(N) site or recombining with a GeE' centre. Thus, the population of photoelectrons is slowly augmented by two photon absorption, until it is sufficient to make the probability of GeE' recombination high enough to reach a steady-state (refer to model below). This explains the anomalously large values of /3 predicated by the model. Furthermore, careful experimental measurements of the dynamics of the induced absorption show that in several respects the actual behaviour deviates embarrassingly from the predictions of the model in Eq (2), even when the steady-state assumption is discarded and both axial and temporal variations accounted for by numerical integration. For example: 1) an abrupt reduction in the intensity bleaches out the induced absorption much more slowly than predicted32'35; 2) if the light is blocked abruptly after a steady state has been reached, the absorption in the fibre increases, reaching an ultimate constant level only after many hours36; 3) upon relaunching light at the original power level, the absorption rapidly reverts to its previous lower level36 . Prolonged the induced absorption under many different excitation conditions have provided further confirmation that this simple model is inadequate and unreliable. Hence, we chose not to present an explicit mathematical version of it in our 1988 paper33, preferring instead to use it merely as a point of departure for the discussion. Since then a long series of careful experimental measurements has enabled us to piece together a more realistic model based on the colour centre and defect system in Figure 2 . Its main assumptions are as follows: 1. Two photon absorption breaks oxygen deficient bonds, creating GeE' hole-centres and releasing electrons that drift through the glass to be trapped at Ge(1) and Ge (2) 2. The resulting colour centres are bleached by two photon and single photon absorption;
3. A fraction of the GeE' hole-centre population can recombine spontaneously with free electrons; the rest are permanent. This model predicts that the level of the induced loss will depend on the Ge dopant concentration and the degree of oxygen deficiency in the glass. Once the experimental parameters are found for a particular fibre, good fits to all kinds of intensity levels and initial conditions are obtained (see Figure 4 ) . Experimental measurements have also shown that the induced loss in fibres pulled from a range of preforms made under standard conditions scales linearly with dopant concentration at 17 dB/km per peak Wpm2 per mol% Ge (these measurements refer to exposure at 460 nm to 6 ns pulses at a repetition rate of 30 Hz)33. Fibres pulled from oxygen-deficient preforms fabricated under reducing conditions (the presence of GeO lowers the refractive index step expected at a designed mol% of GeO2) exhibit anomalously high induced losses. The crucial role played by two photon absorption has been confirmed by measurements of the absorption induced at 450 nm by a standard exposure of fresh pieces of fibre to a range of different blue/green wavelengths. The resulting excitation spectrum (see Figure 5 ) peaks at 480 nm, confirming that two photon absorption to the 240 nm 'wrong-bond' band is behind the observed behaviour. The wavelength of exposure will in general also affect the balance between two photon and single photon absorption ( refer to Figure 1 ). In the blue/green, the induced loss is exclusively due to Ge(1) centres, whose broad absorption band centred at 281 nm extends to the near JR. For example, at 488 nm, two photon absorption will bleach out both the narrow "wrong-bond" band at 244 nm and the Ge(1) and Ge(2) bands, and single photon absorption will additionally bleach the Ge(1) band. The spontaneous increase in absorption observed after blocking the laser light can be explained in terms of gradual retrapping of the free photo-electron population36. Three characteristic exponential rates are necessary to obtain rate equation fits to the experimental data. As pointed out elsewhere, this implies that a minimum of three different species of defect centre must exist in the glass, which is encouraging in view of the known predominance of Ge(1), Ge(2) and GeE' centres. 5 . Fibre fuse If the ambient temperature is raised locally around a fibre transmitting laser power, the core can be driven into thermal run-away by temperature-related increases in the optical absorption associated with colour centre formation (the rise in absorption with temperature is modelled by an Arrhenius relation with an activation energy of 2.2 eV22'28). The absorption rises rapidly2' above about 1100°C. The result is a dramatic phenomenon known variously as the "fibre fuse" and "self-propelled self-focusing" . The term "fibre-fuse" suggests a firework. This is precisely how it looks; after initial catastrophic breakdown of the core at the site of fuse initiation, an intense hot-spot propagates (fuelled by the laser light) back towards the laser at velocities of the order of 1 rn/s. The term "self-propelled self-focusing" arises from the highly regular periodic damage tracks that are created23'27, whose pitch is of the order of 2x the spot diameter ( Figure 6 ). These tracks are reminiscent of those that appear in Kerr-effect self-focusing. A fundamental difference is, however, that whereas conventional self-focusing is a third-order electronic nonlinearity and hence has a very rapid time constant, the fibre-fuse (driven by thermal and optical creation of colour centres) is an energy-driven phenomenon with a relatively long time constant22. The fibre-fuse can be prevented from wreaking havoc in high-power fibre systems by the introduction of tapers ('fuse-breakers') at sensitive points; these cause the mode spot to expand, halting the fuse by reducing the intensity below that needed for self-sustained propagation2.
It can occur at quite low in-core intensity levels in the blue/green22 (as small as 5 mW/jm2). At 1064 nm, because of the very low intrinsic absorption level, km of fibre can be destroyed27. The effect has also been seen in stripe-guides of pure Ge02 glass deposited by flame hydrolysis followed by sintering83 . There is evidence that the periodically-spaced damage sites are porous, containing free oxygen27, perhaps through reduction from Ge02 to GeO at the very high temperatures reached in the core (our model22 predicts 2,500 -10,000°C).
(a) The velocities at which the fuse travels range from a few tens of cm/sec to several m/sec. A model based on the thermal balance between heat absorbed from the light, heat lost to the cladding, and heat left behind after passage of the fuse yields results that agree well with the experiments, confirming that Kerr-effect self-focusing plays no role. The analysis shows that the fuse may be usefully described as a thermal shock wave, and that the periodic damage tracks can be modelled by thermal lensing effects23.
6. Refractive index changes It was back to 1978 when Hill and coworkers50'53 first reported that narrow-band reflection gratings could be written into standard Ge-doped silica fibres using a single-frequency Ar+ laser at 488 and 514.5 nm. Interference of the launched light with its 4% Fresnel reflection from the remote fibre end-face (yielding interference fringes of visibility 40%) was sufficient to seed the growth of a holographic DFB grating in the fibre, with reflectivities that could approach 100%. The effect remained a curiosity for some years, due to a widespread belief that the 'Hill' fibre contained some unique and unidentifiable dopant. Since then, however, gratings have been written into a range of different single and multi-mode fibres4468, all of which have one common feature: the presence of Ge as a core dopant. In our experiments we have found that pure silica and P-doped fibres do not produce significant index changes either with blue/green or UV light. The uniqueness of Ge is further underlined by Yin et al68, who produced holographic gratings at 514.5 nm in thin films of sputtered Ge02; they estimated an available index change of 5.2 x 106.
The axial holographic process restricts the DFB operating wavelength to spectral bands where the fibre is photosensitive. These bands extend from the green to the UV (photosensitivity at very high peak Nd:YAG intensities in the 1064 nm band is too weak to be useful), outside the important spectral bands at 800, 1300 and 1550 nm. Recently, however, Meltz and coworkers556° have succeeded in side-writing gratings into fibres using conventional holographic interferometry and a tunable pulsed UV dye laser operating in the 240 nm 'wrong-bond' band. Their gratings are highly stable with temperature and insensitive to operating wavelengths in the near infra-red. Figure '7 Differential UV absorption spectrum and resulting refractive index change (calculated using a threeterm Sellmeier expansion) . The points are experimental data.
The ability to produce strong distributed Bragg reflectors for use at any wavelength in standard communications fibres is an astonishing piece of luck. DBR's have many applications as strain and temperature sensors5760 in addition to their obvious usefulness as filters for WDM systems and line-narrowing elements for single frequency operation of, for example, Er3+ fibre lasers at 1550 nm52.
7. Origin of index change Despite its proven practical importance, the physical origins of the photorefractivity are still uncertain, although significant advances have recently been made. The literature is strewn with different models. They may be divided into three classes: 1) space-charge field theories64 inspired partly by models of photorefractivity in crystals such as Fe:LiNbO3 and BSO, 2) Kramers-Kronig models47 and 3) light-induced volume changes due to glass fictive temperature being very high65. Since it has been shown that bulk index changes > iO are induced by spatially uniform light intensities47'48'66, models which rely on steep spatial intensity gradients can safely be discounted as the predominant cause of the photorefractivity. This is however not to deny that photo-driven charge diffusion into Ge(1) and Ge(2) acceptor sites in the dark regions, balanced by drift in the ensuing space-charge field, may play a role; however any such role will depend on there being sufficient charge mobility in the glass matrix, something which cannot necessarily be assumed. We have recently shown that the colour centre model proposed in the Section 4 explains quantitatively the observed index changes and their dispersion with wavelength47. Briefly, the negative index change associated with the creation of GeE' centres is reversed by the positive index change due to Ge(2) centres, a small population of Ge(1) centres also appearing. The details of this model are available elsewhere; the differential UV absorption spectrum and the refractive index dispersion (calculated from a Sellmeier expansion over the three absorption bands) is plotted in Figure 7 . The index change predicted at 1550 nm is almost as large as that predicted at 500 nm, in agreement with experimental results. Supposing for a moment that a periodically reversing space-charge field E8 were present, what effect would it have? It can easily be appreciated that the optical Kerr effect would give rise to periodic changes in refractive index at half the pitch needed to satisfy the Bragg condition. Another possibility would be the creation of an excitation-poled (see Section 8) axially-oriented which, when multiplied by E5, would yield refractive index changes; however again the resulting grating pitch is a factor of 2 x too small. If, on the other hand, the supply of electron-donor centres (the 'wrong-bonds') in the bright regions were exhausted (rather like that in the lightly-doped p-side depletion region of a pn-junction with a heavily-doped n-side), E5 would develop a large spatial subharmonic at the correct pitch for phase-matching. The maximum possible value of E8 would occur under the (unlikely) circumstance when all the photoelectrons released by two-photon absorption diffuse into the narrow dark regions at the intensity minima (assuming high visibility fringes). It is easy to show that the axial space charge field E3 increases linearly over the depletion region (populated by N' m3 positively ionized GeE' hole centres) , reaching a maximum value = (eN'A/4neocr) (4) in the immediate vicinity of the intensity minimum. Our Kramers-Kronig model47 (for spatially uniform illumination -see below) predicts N' = 3.3 x 1025 m3, which makes E8 = 32 kV/m -an astonishingly high value, larger even than the breakdown field of silica (#.# 500 V/jim). Although such fields cannot be expected in practice, it is clear that space-charge effects could play a significant role in the presence of steep intensity gradients. That said, Kramers-Kronig effects would in fact dominate over any space-charge-related index changes because large populations of GeE' centres would be created in the bright regions while large Ge(2) and Ge(1) populations would appear in the dark regions. Large negative index changes would appear in the bright regions (bleaching out the 240 nm band) and large positive changes in the dark regions (augmenting the 217 and 281 nm bands). A model based on third-order Kerr-effect index changes consequential to the formation of microscopic dipoles has also been proposed47 however the number density of dipoles needed is several orders of magnitude greater than in the Kramers-Kronig model. It is also possible that light-induced density changes in the glass might play a role65. It is well known that fused silica undergoes compaction when bombarded with energetic ion beams, causing positive index changes (the fictive temperature of the glass is very high, particularly if cooled quickly after fusing). This is unlikely to explain the effect, however, because only very small index changes can be detected in pure P-doped and undoped silica-core fibres, even when exposed to UV light at 266 and 257.3 nm.
When UV light is used to induce the index change, very high losses are induced in the blue/green48 , suggesting that a large population of Ge (1) centres is being created. It is clear that UV light will produce its own unique balance between the bleaching and trapping processes in our colour centre model -in fact favouring the creation of Ge (1) colour centres more than 488 nm or 514.5 nm light. We have obtained an induced absorption of cx1d = 20 dB/m at 488 nm in a fibre of NA=0.3 pulled through a focused 266 nm UV beam (average power 700 W/cm2, peak power 4 MW/cm2) at 0.37 m/sec. Such high induced losses are clearly undesirable; however, our model predicts that exposure to blue/green light will bleach out this undesirable loss. This has been experimentally confirmed49, the absorption induced by 266 nm light being removed by launching a mere 6 mW/m2 of CW Ar light at 488 nm into the fibre; the loss bleaches out from the launched end within a minute. Even more gratifying (see Figure 8) , excellent numerical fits are obtained using a model that includes axial variations along the fibre and both two photon and single photon bleaching (net exponential rate given by bI(1 + I/lent) sec1 with b = 0.005zm2/J and 'crit 0.4 mW/jm2). Finally, we mention the interesting observation by Parent et al62 that the refractive index changes written by the Hill technique are birefringent, the birefringent axes aligning with the electric field vector of the light. We would like to suggest that this is due to aligned trapping at the Ge(2) dopant sites, since these -and not the 'wrong-bonds' which are fixed in the glass matrix -are the only ones that a) exist in large enough numbers (according to our Kramers-Kronig model) and b) offer a choice of trapping positions. The oscillating electric field vector of the light E0 will cause distortions in the electronic bond structure around the Ge(2) traps, favouring the trapping of a photoelectron in one of two sites along a line running through the centre parallel to Non-inversion-symmetric aligned trapping at these sites may also play a role in the topic of Section 8 -second harmonic generation in fibres. 8 . Second harmonic generation The observation of efficient (up to 13% has been observed at pump powers below 1 kW76) second harmonic generation in optical fibres was unexpected because of the macroscopic non-inversion symmetry of the core glass and the apparent absence of any phase-matching mechanism. Such high conversion efficiencies in a readily available material raised the prospect of inexpensive green and blue laser sources, pumped by laser diodes or Q-switched fibre-lasers, and useful in a wide variety of applications. It was rapidly realized, however, that the eventual design and development of efficient fibre-based frequency doublers would depend on understanding and exploiting fully the underlying physical mechanism. This has been the main motivation for much of the effort in this area, and although some important advances have been made, much of the underlying physics remains as yet unclear.
In their original observations, Osterberg and MarguIis°2'3 exposed single-mode fibre for some 10 hours to intense Q-switched mode-locked Nd:YAG pulses at 1064 nm. The second harmonic at 532 nm was observed to grow to anomalously high levels that suggested a phase-matching process. The mechanism behind the effect remained unelucidated until a spatially periodic quasi-phase-matching structure was proposed and experimentally confirmed by bandwidth measurements75'105 (recently a Raman scattering technique has been used to image the periodicity directly82). Realizing that a dc electronic polarization or field component would possess the necessary absence of centro-symmetry, Stolen and Tom103 identified the nonlinear rectification component P(K =2k -k2; O=w+w -2w) = (5) as having the correct spatial period for quasi-phase-matching (L = A/2(n -n2) where ) is the pump wavelength and n and 2w the refractive indices at the pump and second harmonic frequenciesl0). They proposed that this polarization causes self-organization or alignment of defect centres in the glass. This model has gained wide acceptance.
In an elegant test of it, they seeded the process by adding a small amount of second harmonic light to the pump, and observed rapid acceleration in the rate of self-organization of the core glass, obtaining efficiencies approaching 1% after minutes instead of hours. Since the original observation, efficient frequency doubling of 1319 nm76 and 647.1 nm107 light has been reported, showing that growth in second harmonic is not strongly dependent on the wavelength of excitation. The problem of how the process gets going in the absence of a seed (as was the case in the original experiments) was resolved by Payne97 (see also Terhune and Weinberger'°4). He pointed out that the tight confinement of the optical mode causes electric quadrupole moments in the core; these give rise to axially uniform second order nonlinearities from which the process can seed itself. Since it depends on the gradient of the transverse mode field, the sign of this nonlinearity reverses across the core, suggesting that the second harmonic should appear in the LP11 mode, as is indeed observed. It is worth mentioning that a qualitatively similar effect will arise if there is radial diffusion of photoelectrons from the bright modal centre to Ge(N) traps in the darker annular region around the core69 . A radial space charge field E3 will result, leading to an electric-field induced x1 = 3Ex3 . This would also result in self-seeding of the second harmonic into the LP11 mode; however, under the correct launching conditions, the second harmonic often appears in the LP01 mode in the externally seeded case, making it unlikely that space charge effects play a significant role since they would not then possess the necessary symmetry properties. Dianov et al74 have suggested that the coherent photovoltaic effect7° (driven by Eq(5)) might give rise to anomalously high built-in space charge fields, due to unexpected quantum corrections. This would cause an electric-field-induced second harmonic (EFISH) signal. Laying aside the problem of the self-seeding mechanism, and accepting that all the evidence points towards defect alignment, two main questions still remain unresolved: 1) Which defects are involved and 2) How is it that a small electric polarization (typically < 1 V/cm) can align them?. In response the question 2), Mizrahi and coworkers9°a ttempted to pole a fibre preform while probing it with pulses at 1064 nm of roughly the same intensity (but a duty cycle 106 x smaller) as in Stolen and Tom's seeding experiments. The poling field they applied was commensurate with the estimated P . They observed an EFISH signal, but were unable to create any permanent second order nonlinearity in the preform. In a different experiment, Bergot and coworkers72 subjected the core to a poling field via built-in capillary electrodes, at the same time launching blue light into it to excite the defects. This process is conveniently named excitation poling. Strong permanent second order nonlinearities were obtained, indicating the importance of an energetic optical pump. Another important result here is that the alignment process augments the existing EFISH signal; if the poled x2 were caused by a built-in dc field, the SH signal would gradually diminish from its initial EFISH level as the internal field gradually cancelled out the external poling field98. This is not observed in practice72.
The seeding process (which has many similarities with holography90), by greatly accelerating the growth of the of the structure, permitted the investigation of a variety of different dopants and combinations of dopants76. The largest effect is seen in Ge-doped glass co-doped with P. This may be because the presence of P enhances the supply of photoelectrons for subsequent trapping. However, the fact that the effect exists in many different doped glasses (very weak in pure P-doped, strongest in P/Ge co-doped, weak in pure Al-doped) means that the alignment process is not strongly species-specific. A simple way of producing non-inversion symmetry is via changes in the local microstructure. This avoids the need for high dc fields to break the symmetry by producing the same effect through the trapping of electrons in a nonlinear field potential. In pure GS glasses we have suggested that occupied Ge (2) which our model predicts appear in much larger numbers than Ge(1) centres47, are responsible for x2; these centres offer the necessary choice of at least two trapping positions that, once occupied, distort the tetrahedral Ge(2) bond angles ( Figure 2 ). It is possible that the position in which an electron ends up can be biased by an applied poling field or an internal dc electronic polarization85. Such a spontaneous trapping mechanism side-steps a serious problem that arises in models proposing the simultaneous excitation and alignment of an existing bond; this is the need for multiphoton excitation (two photon absorption of 532 nm light) plus the presence of a third order nonlinear alignment field (P$) of Stolen and Tom). For such a mechanism to work, these two effects must occur simultaneously, which renders the process fifth-order and therefore extremely unlikely. It is of interest to calculate the nonlinear polarizability per occupied Ge(2) site that is needed to explain the levels of x2 obtained experimentally in Ge-doped silica fibre. Our Kramers-Kronig model47 predicts that in a high Ge-doped fibre 3.3 x 1025 m3 occupied Ge(2) traps are created by exposure to blue light. The number density of molecules in crystalline LiNbO3 is 1.88 x 1028 m3, which implies that the Ge(2) traps are more dilute by a factor of 570x . The largest second order nonlinearity in LiNbO3 is x2 = 6x 1012 m/V, whereas values of around 1O_16 m/V have been induced in Ge-doped fibre. This would leave us with the result that the nonlinear polarizabiity of an occupied Ge (2) defect is of the order of lOOx smaller than the value in Lithium Niobate. It is of interest to note that the dilution ratio of the aligned Ge(2) colour centres is 670x; this means that actual local value of is 670x larger than the average value measured, predicting a local rectified optical field that is 670x greater than its average level. This may have implications in the alignment process. Wavelength (nm) Figure 9 Excitation spectrum of second order nonlinearity induced by excitation poling at different blue/green wavelengths. The peak at 480 nm underlines the crucial role played by two photon absorption in the process.
It is unclear whether two photon absorption or second harmonic generation of the 532 nm light is the principal driving process behind defect excitation. It has been shown that the induced x2 is bleached out by OW blue light, and that pulsed blue light bleaches it out more rapidly for the same average power84'96, suggesting that two photon absorption does indeed play a role, perhaps by exciting and disorienting aligned Ge(2) traps. In GS fibres, the level of second order nonlinearity induced by excitation poling using different wavelengths in the vicinity of 480 nm (6 nsec pulses, 30 Hz repetition rate) has been investigated ( Figure 9 )86. The excitation spectrum peaks at 480 nm, confirming the role played by two photon absorption into the 240 nm band. The formation of GeE' centres has also been correlated to the strength of the induced by Tsai et al'°.
In summary, second harmonic generation is arguably the most defective effect; it is thermally relatively unstable, will continue to evolve with time when used for frequency doubling, and is bleached by 532 nm and 488 nm light. Even so, it is perhaps the most fascinating, and having produced 13% conversion efficiency at 950 W input power76. is already almost interesting. As for the mechanism, there are still many unanswered questions.
9. Conclusions It can safely be concluded that the least defective effect is UV-induced refractive index changes.
Here the defects are really effective; the index changes obtained are large, exhibit only slight dispersion out to 1550 nm and beyond, and are stable. Further, if one accepts the Kramers-Kronig model as the only one to explain quantitatively the measured index changes, then the GS system is ideal; UV-driven changes to the absorption spectrum in the UV cause refractive index changes at the wavelengths of operation, with no penalty in terms of induced absorption. The applications of strong in-core reflection gratings are too numerous to list. As for the other effects, second harmonic generation may eventually become of practical significance, provided the mechanism is elucidated. There is much scope here for exploring different glass systems, such as Pb-glasses where the nonlinear coefficients are larger. Already there are indications that in such glasses, high levels of excitation-poled second-harmonic generation can be achieved87. Many fascinating questions remain as to the microscopic origins of the second order nonlinearity; the field is still open to new suggestions, perhaps from theorists of the curious physics of micro-clusters'08. As for non-linear transmission and the fibre-fuse, they are best avoided in applications unless perhaps for optical limiting. Nonlinear transmission offers a good way of accurately characterizing colour centre behaviour under different forms of optical excitation; as a unique diagnostic tool it will continue to provide valuable experimental data. Other glass systems show some promise for photorefractive fibres, and pump-excited colour centres can sometimes severely limit the performance of fibre la'sers, particularly at blue/green pumping wavelengths.
